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Abstract
E⁄cacyof sun£ower oil (diet SF) and soybeanoil (diet
SB) alone and in combinationwith cod liver oil (diets
M1-2.80:1.40:1.40, M2-2.80:2.24:0.56 and M3-2.80:0.
56:2.24; cod liver oil:sun£ower oil:soybean oil) as li-
pid supplements (5.6%) in formulated diets (crude fat
 9.79%) for juvenile Scylla serrata (weight50.28
 0.07 g, carapace width59.7  0.1mm) were com-
pared with diet CL, containing cod liver oil alone as
the lipid supplement (6 diets  24 crabs stocked indi-
vidually, randomized block design). Growth perfor-
mance, nutrient (protein and lipid) intake and gain
of crabs fed M1, M2 and M3 were higher (P  0.05)
than the crabs fed SF and SB, but were not signi¢-
cantly di¡erent (P  0.05) from crabs fed CL. Dietary
fatty acids (FAs) are found to in£uence the FA pro¢le
of test crabs. Higher tissue levels of 16:1n-7, 18:1n-9
and 18:1n-7 re£ected the essential FA de¢ciency in
crabs fed diets supplemented only withvegetable oils.
Results con¢rmed that S. serrata could utilize vegeta-
ble oil supplements in the formulated diets as a par-
tial replacement (50%) of cod liver oil without
compromising growth and survival. Partial substitu-
tion of marine ¢sh oil with suitable vegetable oils can
reduce the feed cost considerably, in the context of
rising ¢sh oil prices.
Keywords: Scylla serrata, mud crab, lipid, fatty
acid, formulated diet
Introduction
The mud crabs Scylla (Keenan, Davie & Mann 1998)
are the most widely cultured genus among Portu-
nids.The genus enjoys the status as a premier seafood
choice and is an important source of income for
small-scale ¢shers throughout theAsia-Paci¢c region
(Gillespie & Burke 1992; Keenan1999). The outbreak
of white spot syndrome virus and collapse of shrimp
aquaculture throughout Asia in the 1990s (Boyd &
Clay 1998) resulted in a growing demand for mud
crab as a potential alternative crustacean species for
brackishwater aquaculture (Marichamy & Rajapack-
iam 2001). The genus Scylla has been redescribed by
Keenan et al. (1998), and has four species: Scylla ser-
rata, Scylla tranquebarica, Scylla paramamosain and
Scylla olivacea. Except S. paramamosain (six zoeal
stages, Zeng, Li & Zeng 2004), all other species have
¢ve zoeal stages, followed by one megalopa stage,
which further metamorphose into crab-1. Among
the four species, the giant mud crab S. serrata, being
the largest and fast-growing species, is the most sui-
table candidate for aquaculture.
Currently, the mud crab grow-out systems depend
on feeds such as fresh or salted trash ¢sh, molluscan
meat and animal entrails from butchery. However,
use of such feeds is restricted due to their limited
availability, poor growth and their negative impacts
on water quality in mud crab farms (Unnikrishnan
& Paulraj 2009). Information on the nutrient
requirements of the species and the development of a
scienti¢cally designed, nutritionally balanced, cost-
e¡ective formulated diet are keys to the success of
any aquaculture activity (Tacon 2000). Unlike
shrimps, the research database on nutritional re-
quirements and diet formulation for Portunids is
scarce (Unnikrishnan & Paulraj 2009).
Lipids are required by crustaceans as a source of
available energy and essential fatty acids (EFAs), as
structural components of biomembranes, carriers of
fat-soluble vitamins, precursors to eicosanoids, hor-
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mones and as enzyme cofactors (Higgs & Dong 2000;
Corraze 2001). The dietary requirement for lipid var-
ies widely among species and life stages and is in£u-
enced by environmental conditions (D’Abramo1997).
However, for most crustaceans, maximum growth is
obtained for a total lipid level between 2% and10% of
the diet dry weight (Sheen & D’Abramo1991).
The work on development of crab diets started in
1977, when an optimized diet for Carcinus maenas
was ¢rst proposed byAdelungand Ponat (1977).Then,
Ponat and Adelung (1980) indicated that casein and
cod liver oil provided good protein and lipid sources
for C. maenas. Ponat and Adelung (1983) further re-
ported that C. maenas requires 6^9% cod liver oil
along with 1.5% cholesterol and other nutrient
sources for good growth and survival. A preliminary
feeding trial with S. serrata (600 g size) using formu-
lated diets containing 5% (supplemented with 1%
cod liver oil) and 8% (inherent lipid alone) lipid along
with 35% and 40% crude protein, respectively, was
¢rst reported by Chin, Gunasekera and Amandokoon
(1992).The feed conversion e⁄ciency in this trial was
lower than that of the crabs fed fresh clam as control
diet, but no signi¢cant di¡erence in growth was re-
corded among crabs fed formulated diets.
The e¡ect of dietary lipid levels on the growth of
juvenile S. serrata were investigated by Sheen and
Wu (1999), in which they used a mixture of cod liver
oil and corn oil at a 2:1ratio as the lipid source in for-
mulated diet having 48% basal protein.The results of
the study suggested that dietary lipid levels ranging
from 5.3% to 13.8% could meet the dietary needs of
the crabs. Interestingly, 13.8% lipid was the highest
level tested, and no signi¢cant reduction in survival
or growth was observed in this treatment compared
with any other treatment. Furthermore, no excessive
lipid accumulation was observed in the tissue of
these crab juveniles, suggesting that S. serrata more
e¡ectively utilizes higher dietary lipid levels than
most other marine crustaceans investigated to date.
Catacutan (2002) reported that the juveniles (initial
body weight of 9.15  0.46 g) of S. serrata grew well
when fed formulated diets supplemented with cod li-
ver oil alone, containing 6^12% gross lipid along
with 32^40% protein at dietary energy levels ran-
ging from 14.7 to 17.6MJ kg1. In still smaller sized
juveniles (initial body weight of 0.25  0.051g) of
the same species, the best growth response was ob-
tainedwhen feedinga formulated diet (supplemented
with cod liver oil) containing approximately 8% total
lipid and 45^47% protein at a P/E ratio of 26
to 27mg kJ1 and at  17MJ kg1gross energy
(Unnikrishnan & Paulraj 2009). The e¡ective utiliza-
tionof higher dietary lipid levels as reported by Sheen
andWu (1999) is promising from a commercial stand
point (Anderson & De Silva 2003), as it leads to a bet-
ter protein sparing e¡ect, allowing £exibility to for-
mulate cost-e¡ective diets.
Studies have shown that S. serrata, like manyother
marine crustaceans, lack the enzymes needed for
de novo synthesis of long chain highly unsaturated
fatty acids (HUFA) (Sheen & Wu 2003; Suprayudi,
Takeuchi & Hamasaki 2004a). These fatty acids
(FAs) are therefore considered as essential dietary
components, and a de¢ciency of eicosapentaenoic
acid (20:5n-3, EPA) and docosahexaenoic acid
(22:6n-3, DHA) has been identi¢ed as a major cause
for the lower survival, longer intermolt period and
narrower carapace in newly molted S. serrata larvae
(Suprayudi et al. 2004a) and juveniles (Sheen & Wu
1999). Artemia enriched with 0.71^0.87% of EPA and
0.49^0.72% of DHA, with a DHA/EPA ratio of 0.70^
1.0, fed to megalopae recorded better survival, faster
molting and wider carapace in the ¢rst crab stage
(Suprayudi,Takeuchi & Hamasaki 2004b). Scylla ser-
rata megalopae fed with isoenergetic microbound
diets (MBDs) containing three levels of supplemental
lecithin (0, 20 and 40 g kg1 diet dry weight) and
two levels of supplemental cholesterol (0 and 7 g
kg1 diet dry weight) showed that a dietary lecithin
level of 39.7^44.1g kg1 lecithin is necessary for de-
velopment and survival, irrespective of the cholester-
ol content in the diet (Genodepa, Zeng & Southgate
2004; Holme, Southgate & Zeng 2007a).
Marine ¢sh oils have traditionally been used as the
sole dietary lipid source in commercial ¢sh and shell-
¢sh feeds owing to their ready availability, competi-
tive price and the abundance of EFAs contained
within this product. According to estimates, the glo-
bal aquafeed industry currently uses approximately
87% of the global supply of ¢sh oil as a lipid source
(Tacon & Metian 2008).What remains undisputed is
the fact that for the past 25 years, annual marine ¢sh
oil production has not increased beyond1.5^1.7 mil-
lion tonnes per annum and the rapidly growing
aquaculture industry cannot continue to rely on ¢-
nite stocks of marine pelagic ¢sh as a supply of ¢sh
oil. The International Fishmeal and Fish Oil Organi-
zation predicted a 12% decline in ¢sh oil production
by 2006, exacerbating the dramatic situationof avail-
able marine ¢sh oil stocks (Turchini,Torstensen & Ng
2009). Further, the latest reports by GLOBEFISHweb-
site (http://www.globe¢sh.org, September 2009)
shows a 9.18% decline on global ¢sh oil production
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in 2008 compared with that of the previous year. In
addition to the economic factor of rising global ¢sh oil
prices and limited supplies, the aquaculture industry
is under intense criticism from both scientists and
environmentalists with regard to the long-term eco-
logical sustainability of these ¢nite ¢shery resources
(Naylor, Goldburg, Primavera, Kautsky, Beveridge,
Clay, Folke, Lubchenco, Mooney & Troell 2000;Worm,
Barbier, Beaumont, Du¡y, Folke, Halpern, Jackson,
Lotze, Micheli, Palumbi, Sala, Selkoe, Stachowicz &
Watson 2006).Therefore, in order to sustain the rapid
growth of global aquaculture industry, it is impera-
tive for the aquafeed industry to evaluate alternatives
to ¢sh oil (New & Wijkstrom 2002; Tacon, Hasan &
Subasinghe 2006).
Investigations on the suitability of various lipid
sources to commercially important crustaceans such
as Litopenaeus vannamei (Lim, Ako, Brown & Hahn
1997; Zhou, Li, Liu, Chi & Yang 2007), Penaeus mono-
don (Catacutan1991;Vasagam, Ramesh & Balasubra-
manian 2005), Fenneropenaeus indicus (Colvin 1976;
Chandge & Paulraj 1990), Cherax quadricarinatus
(HernaŁ ndez-Vergara, Rouse, Olvera-Novoa & Davis
2003) etc. have already been reported. Further,
Holme, Southgate & Zeng (2007b) reported that the
replacement of live foodwith aMBD containing a ¢sh
oil:corn oil ratio of 1:1 supported higher survival of
S. serrata megalopae when compared with Artemia-
fed controls. The results indicate that corn oil can be
used for 50% partial substitution of ¢sh oil in MBD
for mud crab megalopae without impacting survival
or development time. In marine ¢sh, replacement of
20^30% of marine lipids with vegetable oils has been
tried successfully without any adverse impact on
survival and growth (Sargent,Tocher & Bell 2002). It
has been suggested that species cultured with diets
supplemented with vegetable oils by partial replace-
ment of marine lipid can be further maintained on a
¢nisher feed containing higher levels of marine lipid
to improve the ¢nal nutritional value of the cultured
product (Sargent, Bell, McEvoy,Tocher & Estevez1999;
Robin, Regost, Arzel & Kaushik 2003).
In this context, evaluation of various lipid sources
alone and in combination in formulated diet for
S. serrata is the need of the hour to provide su⁄cient
information for formulating a cost-e¡ective, sustain-
able practical diet for grow-out and fattening of the
species. The present study investigated the e⁄cacy of
vegetable oils such as sun£ower oil and soybean oil,
and cod liver oil alone and invarious combinations as
lipid supplements in formulated diets for juvenile
S. serrata.
Materials and methods
Acclimation andweaning of experimental crabs
Juveniles of S. serrata (210 individuals, body weight
50.28  0.072g, carapace width59.7  0.1mm)
collected from Cochin backwaters, were acclimated to
the laboratoryconditions (salinity528  1gL1, tem-
perature527  4 1C, dissolved oxygen  5.5mgL1,
total NH3  0.01mgL1, nitriteo4.0mgL1, nitrate
o3.0mgL1 and pH58.0  0.5). The crabs were
stocked individually in plastic cages with10 individual
compartments of 0.5 L volume. Twenty-one cages, each
holding 10 juvenile crabs, were £oated in 2000L of
dechlorinated and aerated brackish water, held in a
¢bre-reinforced plastic tank. The crabs were weaned to
a formulated feed (45% crude protein, 10.8% lipid,
 17MJ kg1 gross energy) by starving them for a day
and o¡ering the pellet feed the following day. Condition-
ing and weaning of juvenile crabs lasted until they
molted inthe laboratory for the ¢rst time (average period
of1week).
Experimental set-up
Completely randomized design was followed for the
entire experiment. Six di¡erent dietary treatments
were used to evaluate di¡erent lipid supplements indi-
vidually and in combinations. Random selections of
newly molted juvenile mud crabs (144 individuals)
were carried out over a period of 5 days for the trial.
There were six replicate troughs of 50 L capacity for
each dietary treatment, with each replicate trough
having four equal partitions using netlon screen (mesh
size53mm; NetlonTM, Chennai, India), stocked with
individual crabs (6 replicate troughs  4 crabs per
trough524 crabs per treatment). Dechlorinated and
aerated brackish water to a volume of 40 L (salinity
528  1g L1, temperature527  4 1C, dissolved
oxygen  5.5mg L1, total NH3  0.01mg L1,
nitriteo4.0mg L1, nitrateo3.0mg L1 and pH5
8.0  0.5) was maintained in each trough.
Hideouts were provided for each crab in the trough
(PVC pipe,5 cm length and 2.5 cm diameter). The light
intensity was reduced by covering the troughs with a
black netlon screen.The rearing system ensured 200%
water volume exchange over a period of 24 h. Molt and
deaths of individual crabs (if any) were observed and
recorded daily.
Experimental diets and rationing
Six isonitrogenous ( 45%), isolipidic ( 9.79%) and
isoenergetic ( 17MJ kg1) formulated pellet diets
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containing six di¡erent lipid sources, viz. cod liver oil
(CL), sun£ower oil (SF) and soybean oil (SB) alone
and mixtures of these three at three di¡erent ratios
(diets M1-2.80:1.40:1.40, M2-2.80:2.24:0.56 and M3-
2.80:0.56:2.24; cod liver oil:sun£ower oil:soybean oil;
5.60% lipid supplements14.19% from other ingredi-
ents59.79% dietarycrude fat) were prepared bymix-
ing various ingredients. Except vitamins, minerals,
cholesterol, lecithin, dextrin, cellulose, guar gum
(Merck India, Mumbai, India) and cod liver oil (Seven
Seas, Hull, UK), all other ingredients were purchased
locally. Proximate pro¢les of the locally collected in-
gredients are presented inTable1.Vitaminandminer-
al mixes were prepared according to Kanazawa,
Shimaya, Kawasaki and Kashiwada (1970). Ingredi-
ents, except vitamins, minerals and lipid supple-
ments, were blended and moistened with water
(15% v/w) and steamed for 20min. After cooling, vi-
tamins, minerals and lipid supplements were added
and subsequently kneaded into a homogeneous
dough using a food processor (Maharaja Whiteline,
New Delhi, India). After thorough kneading and
homogenization, the dough was further pelletized
using a manually operated rotary pelletizer ¢tted
with stainless-steel die-disc (6.2mm thick, 62.5mm
disc diameter, with 25 holes having a diameter of
1.75mm). The pellet strands spread over enameled
aluminum plates were dried in a high-£ux hot air
oven (Labline Scienti¢c Instruments, Mumbai, India)
at 45 1C for 8 h to reduce the moisture level below
7.5%. After drying, the pellet strands were broken
into a uniform pellet size ( 1.2mm diameter,
4.0mm length).The prepared diets were stored in air-
tight food-grade containers at 20 1C until use. The
water stability of the diets was estimated by the
method described by Obaldo, Divakaran and Tacon
(2002). The apparent dry matter, nutrient and gross
energy digestibility of the diets were calculated fol-
lowing the methodologies described by Carter, Bolin
and Erickson (1960), Spyridakis, Metailler and Ga-
baudan (1989), Jones and De Silva (1997),Tuan, An-
derson, Luong-van, Shelley and Allan (2006) and
Truong, Anderson, Mather, Patersonand Richardson
(2008). The formulation, proximate composition,
water stability and apparent dry matter, nutrient
and gross energy of the diets are given in Tables 2
and 3. The FA pro¢les of the experimental diets are
presented inTable 4. The experimental diets were of-
fered to the juvenile crabs twice daily at 07:00 and
17:00 hours to apparent satiation ( 6% of body
weight).
Unconsumed feed accumulated at the trough
bottom was siphoned into separate ¢lter cones
(made of bolting cloth, o100 mm mesh), after 3 h
(at 10:00 and 20:00 hours.) of each feeding. The
feed waste thus collected was washed with
double-distilled water to remove any adhering salts.
Further, the samples were oven dried at 55  2 1C
and were stored airtight for the estimation of feed
intake per crab, at the termination of the growth
trial. Similarly, the fecal matter accumulated at the
bottomof each troughwas siphoned out into separate
¢lter cones after 3 h (at 10:00 and 20:00 hours.) of
each feeding. Thereafter, the troughs were checked
for fecal matter and collected, if any, at 4^5-hourin-
tervals. This was done to avoid the fecal samples get-
ting disrupted by crabs, if left for long. The fecal
samples thus collected were further washed, dried
and stored airtight for estimating the digestibility of
diets.
Table 1 Proximate composition (% dry matter basis) of locallyavailable ingredients used for the formulation of experimental
diets for Scylla serrata
Ingredient
Dry
matter
Crude
protein Crude fat Ash
Crude
fibre
Nitrogen-free
extract
Gross energy
(MJ kg 1)w
Fish meal 92.20 67.27 5.15 16.27 0.11 3.40 16.98
Squid meal 91.71 77.36 5.01 4.61 0.11 4.62 19.28
Shrimp meal 92.21 70.99 3.01 11.54 5.31 1.36 16.57
Clam meal 91.35 52.12 5.04 5.06 1.03 28.10 17.94
Soya flour (de-oiled) 91.89 51.22 1.30 9.24 1.54 28.59 16.36
Wheat flour 92.85 11.79 1.65 1.32 0.46 77.63 16.52
Nitrogen-free extract (NFE)  carbohydrate content of ingredient (%)5100 (moisture1crude protein1crude lipid1crude ¢bre1
crude ash). The same is applicable for the succeeding tables wherever applicable.
wCalculated based on Cuzon and Guillaume (1997): 21.3, 17.2 and 39.5MJ kg1 of protein, carbohydrate and lipid respectively. The same
is applicable for the succeeding tables wherever values shown.
Means of three analysis.
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The feeding trial ensured 65 days of feeding to in-
dividual crab in each dietary treatment. This was
done to avoid any errors associated with asynchrony
in the ¢rst molting of juvenile crabs, from which the
feeding trial commenced.
Estimation of feed intake, growth response
and biochemical composition
Survival percentage (%S), live weight and carapace
width of the juvenile crabs were recorded at the ter-
mination of the feeding trial. Speci¢c growth rate
(SGR), live weight gain (LWG), carapace width gain
(CWG) and average intermolt duration (av.IMD) were
determined.Voluntary feed intake (VFI), feed conver-
sion ratio (FCR), protein e⁄ciency ratio (PER), nutri-
ent intake and gain (protein, lipid and energy) were
calculated from total feed intake and body weight
gain. The crabs were further subjected to euthanasia
(Reilly 2001) and were dried in a hot-air oven
(55  2 1C). The moisture and dry matter contents
were determined. Proximate composition analysis
(AOAC 1990) of feeds, fecal matter and crab samples
were carried out. Also, the FApro¢les of feed and crab
samples were analysed by gas chromatography. All
analytical procedures were performed in triplicate
sets of samples (pooled per treatment).
The lipid in the feed samples was extracted by the
cold extraction method using a chloroform^metha-
nol mixture in a 2:1 ratio (Folch, Lees, Sloane &
Staney 1957). After isolating the lipid phase, the
solvent was evaporated. About 2mL of sample was
re£uxed with 5mL of 0.5% alcoholic potassium hy-
droxide solution for 30min and then with 6mL of
BF3-methanol (Sigma-Aldrich, Bangalore, India) for
another 5min. The whole process of re£uxing was
carried out in an atmosphere of nitrogen. The dry FA
methyl esters in the £ask were extracted three times
with petroleum ether quantitatively. The extract was
further washed with 25mL double-distilled water
three times and ¢ltered over anhydrous sodium sul-
phate to remove any moisture. The solvent was then
evaporated under a stream of nitrogen gas.
About 1.0 mL each of the prepared FA methyl ester
samples was injected into the Perkin ElmerAuto-Sys-
tem XL Gas Chromatograph (Perkin Elmer,Waltham,
MA, USA), equipped with a split/splitless injector.The
detector usedwas a £ame ionization detector and the
columnwas Elite-5 (crossbond 5% diphenyl^95% di-
methyl polsiloxane) 30m long, with 0.53mm inter-
nal diameter and 0.50 mm ¢lm thickness. The
column temperature was programmed from 110 to
160 1C at the rate of 0.75 1C s1and then to 250 1C at
the rate of 0.5 1C s1 and ¢nally to 285 1C at the rate
of 0.25 1C s1. The injector and detector tempera-
tures were kept at 285 and 290 1C respectively. Nitro-
gen was used as the carrier gas with a pressure of
5.6  103 kgm2. The £ow rate of hydrogen and air
Table 2 Formulation (g100 g1) of experimental diets for
Scylla serrata, supplemented with di¡erent lipid sources
Diets
CL SFw SBz M-1‰ M-2z M-3k
Lipid sources
Cod liver oil 5.60 – – 2.80 2.80 2.80
Sunflower oil – 5.60 – 1.40 2.24 0.56
Soybean oil – – 5.60 1.40 0.56 2.24
Common ingredientsww
Fish meal 34.54
Squid meal 1.88
Shrimp meal 4.40
Clam meal 12.56
Soya flour (de-oiled) 9.42
Wheat flour 8.00
Dextrin 10.10
Cellulose 3.00
Lecithin 1.00
Cholesterol 0.50
Vitamin mixzz 1.50
Mineral mix‰‰ 5.00
Guar gumzz 2.00
Cr2O3 k k 0.50
,w,zDiets supplemented with either cod liver oil (CL), sun£ower
oil (SF) or soybean oil (SB) alone. The same is applicable for the
succeeding tables wherever noted.
‰,z, kM-1, M-2 and M-3 are diets supplemented with a mixture of
cod liver oil (CL), sun£ower oil (SF) and soybean oil (SB) at ratios
of 10:5:5, 10:8:2 and 10:2:8 respectively. (Same is applicable for the
succeeding tables wherever noted).
Lipid supplements were prepared by adding 0.01% by weight
of butylated hydroxyl toluene (BHT) as an antioxidant.
wwAdded in the same proportions in all the diets.
zzVitamin mix (in kg dry weight of feed): retinone, 45000 IU kg1;
b-carotene, 90mg kg1; cholecalciferol, 10mgkg1; a-tocopherol,
600 IU kg1; menadione, 25mgkg1; p-amino benzoic acid,
100mg kg1; D-biotin, 4mgkg1; nicotinic acid, 400mgkg1;
calcium pantothenate, 600mgkg1; pyrodoxine hydrochloride,
120mgkg1; ribo£avin, 80mg kg1; cyanocobalamine,
750mcg kg1; folic acid, 7.95mgkg1; inositol, 4 g kg1; choline
chloride, 6 g kg1; thiamine hydrochloride, 39mgkg1; ascorbic
acid, 200mgkg1; cellulose (as ¢ller), 3 g kg1.
‰‰Mineral mix (in kg dry weight of feed): CaCO3, 14.5 g kg
1;
K2HPO4, 8.4 g kg
1; MgSO4 	7H2O, 13.47 g kg1; Ca3(PO4)2,
11.55 g kg1; MnSO4 	H2O, 65mg kg1; KI, 15mg kg1; NaH-
SeO3, 0.5mg kg
1; CoCl2 	6H2O, 40mg kg1; ZnSO4 	7H2O,
0.15 g kg1; NaCl, 1.25 g kg1; CuSO4 	5H2O, 25mg kg1; FeSO4
	7H2O, 0.63 g kg1.
zzBinder.
kk Inert marker.
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were maintained at a pressure of 3.5  104 kgm2.
Standard FA methyl ester mixture (Supelco FAME
mix C4-C24; Sigma-Aldrich) was injected before run-
ning the samples. All the samples were injected in tri-
plicate and the data acquisitionwas carried out with
TOTAL-CHROME 6.X.X software (Perkin Elmer). The total
run time per sample was set at14min.
Statistical analysis
Duncan’s multiple range test (95% con¢dence level;
Duncan1955) was used as the post hoc test of analysis
of variance to compare the means of the treatments
(Snedecor & Cochran1967) using the SPSS-13 proces-
sor (SPSS, Chicago, IL, USA).
Results
Survival
No morality was recorded in any of the six dietary
treatments during the experimental period (Table 5).
Growth response
Live weight gain (% of initial weight), CWG (% of
initial carapace width), SGR (% day1), VFI (g kg1
average live weight day1), FCR, PER, and av.IMD (day-
smolt1) were found to be signi¢cantly (P  0.05) af-
fected by di¡erent dietary treatments (Table 5).
Signi¢cantly lower (P  0.05) growth response
(SGR, LWG, CWG and av.IMD) together with poor
feed e⁄ciency (FCR, PER and VFI) were recorded in
the crabs fed diets supplemented with vegetable oils
(SF-sun£ower oil and SB-soybean oil) alone. Among
them, diets supplemented with sun£ower oil alone
gave the lowest (P  0.05) LWG (402.66%), CWG
(169.41%) and SGR (2.21% day1), together with a
poor (highest invalue) FCR (2.59).The av.IMD of juve-
nile crabs fed diet SF (17.3 daysmolt1) was signi¢-
cantly higher (P  0.05) than that of the crabs fed
diet SB (13.4 daysmolt1). Both VFI as well as PER
were not signi¢cantly (P  0.05) di¡erent between
the crabs fed diets SFand SB.
The juvenile S. serrata fed diets supplemented with
cod liver oil alone (CL) resulted in the highest LWG,
CWG and SGR along with the lowest FCR and VFI,
but were not signi¢cantly di¡erent (P  0.05) from
diets M1, M2 and M3 (diets supplemented with cod
liver oil, sun£ower oil and soybean oil at ratios of
2.80:1.40:1.40, 2.80:2.24:0.56 and 2.80:0.56:2.24 re-
spectively). Similarly, shorter av.IMDs (10.8^11day-
smolt1) and better PERs (1.44^1.47) were recorded
in crabs fed diets CL, M1, M2 and M3 compared with
Table 3 Proximate composition, water stabilityand apparent digestibility of experimental diets for Scylla serrata supplemen-
ted with di¡erent lipid sources
Diets
PSEMCL SF SB M-1 M-2 M-3
Proximate composition (% as fed)w
Dry matter 92.47 92.25 92.38 92.04 92.6 92.85
Crude protein 44.61 44.7 44.57 44.64 44.76 44.51
Crude fat 9.75 9.84 9.69 9.69 9.88 9.91
Ash 11.55 11.42 11.5 11.39 11.46 11.51
Nitrogen-free extract 22.84 22.64 23.04 22.49 22.79 23.26
Gross energy (MJkg1) 17.28 17.30 17.28 17.20 17.36 17.40
Protein/energy (mgkJ1) 25.81 25.84 25.79 25.95 25.79 25.59
Water stability (% 4h1)w 96.1 96.7 95.6 96.5 96.3 96.0
Apparent digestibility (% as fed)z,‰,z
Dry matter 74.8 75.3 76.1 75.6 75.3 74.6 0.94
Crude protein 85.7a 80.1b 81.4b 86.1a 85.9a 86.0a 0.79
Crude fat 90.3a 82.2b 83.6b 89.8a 90.5a 89.8a 0.81
Gross energy 89.1a 85.4b 86.2b 89.2a 89.6a 89.3a 0.38
Pooled standard error of mean (PSEM)5 standard deviation 
 pn. The formula is applicable for the succeeding tables, wherever
given.
wMeans of three analysis.
zApparent dry matter digestibility (ADMD, % as fed)5100100  (% Cr2O3 in feed 
 % Cr2O3 in faeces).
‰Apparent nutrient digestibility (% as fed)5ADMD  (% protein, % lipid or MJ kg1 gross energy in faeces 
 % protein, % lipid or
MJ kg1 gross energy in feed).
zMeans (n524) in the same row with di¡erent superscripts are signi¢cantly di¡erent (P  0.05).
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SF and SB, but were not signi¢cantly di¡erent
(P  0.05) among themselves.
Apparent digestibility of diets
The apparent digestibility of dry matter of various
diets did not di¡er signi¢cantly (P  0.05). Signi¢-
cantly lower (P  0.05) apparent digestibility of pro-
tein, lipid and gross energywere recorded in crabs fed
diets SF and SB. The crabs fed CL, M1, M2, and M3
had a signi¢cantlyhigher (P  0.05) apparent digest-
ibility of nutrients, but among them there was no sig-
ni¢cant (P  0.05) di¡erence observed (Table 3).
Biochemical composition of experimental crabs
The biochemical composition of experimental crabs
is given in Table 6. The highest whole body moisture
content was recorded in crabs fed diet SF (73.10%),
but was not signi¢cantly di¡erent (P  0.05) from
the crabs fed SB (72.63%). In all other treatments
(CL, M1, M2 and M3), moisture levels of crabs ranged
from 72.20% to 72.35%, but were not signi¢cantly
di¡erent from crabs fed diet SB. A signi¢cantly lower
protein level was observed in the crabs fed diet SF
(13.12%) and all other treatments recorded no signif-
icant di¡erence (P  0.05). Crabs fed diet SF had the
lowest lipid level (0.89%), followed by those fed SB
(1.01%).The treatments CL, M1, M2 and M3 recorded
higher lipid levels ranging from 1.51% to 1.58%, but
were not signi¢cantly di¡erent among themselves.
The ash levels did not showany signi¢cant di¡erence
among di¡erent treatments (10.52^10.63%), except
for those crabs fed diet SF (10.85%). The lowest gross
energy levels were recorded in the crabs fed SFand SB
(3.56 and 3.57MJ kg1; P  0.05), whereas all other
dietary treatments recorded signi¢cantly (P  0.05)
higher gross energy levels (3.84^3.88MJ kg1;
P  0.05).
Protein, lipid and energy intake and gain
The details of the nutrient (crude protein, crude
fat and gross energy) intake and gain are provided in
Table 7. Signi¢cantlyhigher (P  0.05) protein intake
was recorded in crabs fed diets SB and SF [22.13
and 22.39 g kg1 average body weight (ABW) day1
respectively; P  0.05]. In all other treatments, the
protein intake ranged from 19.25 to 19.66 g kg1
ABWday1 (P  0.05). Dietary treatments CL,
M1, M2 and M3 recorded signi¢cantly higher
(P  0.05) protein gain (3.92^3.95 g kg1
Table 4 Fatty acid composition (mgg1 dry weight) of ex-
perimental diets
Fatty acid
Diets
CL SF SB M1 M2 M3
Saturates
12:0 0.09 0.38 0.09 0.16 0.20 0.12
14:0 6.23 1.47 1.40 3.78 3.90 3.97
15:0 0.23 0.23 0.23 0.20 0.23 0.22
16:0 20.45 15.55 15.98 17.69 17.61 18.16
17:0 0.79 0.78 0.77 0.81 0.80 0.83
18:0 5.98 7.27 6.66 6.39 6.61 6.79
20:0 0.14 0.35 0.35 0.24 0.25 0.25
22:0 0.57 0.58 0.15 0.46 0.53 0.41
Monoenes
16:1n-7 7.61 2.47 2.39 4.94 5.03 5.07
18:1n-9 13.94 17.82 21.31 17.57 17.70 18.26
18:1n-7 2.71 0.58 0.99 1.72 1.70 1.84
20:1n-11 0.27 0.29 0.28 0.30 0.30 0.27
20:1n-9 2.83 0.34 0.27 1.02 1.06 1.04
20:1n-7 0.21 0.00 0.00 0.10 0.10 0.11
22:1n-11 7.49 0.06 0.05 3.69 3.82 3.83
22:1n-9 1.18 0.33 0.25 0.73 0.76 0.74
Dienes
18:2n-6 4.67 47.45 38.61 23.40 25.26 22.65
20:2n-6 0.23 0.02 0.02 0.15 0.14 0.14
Trienes
18:3n-3 1.58 1.09 5.76 2.48 1.82 3.25
Tetraenes
18:4n-3 2.37 0.02 0.02 1.21 1.23 1.20
20:4n-6 1.57 0.94 0.92 1.25 1.27 1.27
20:4n-3 0.85 0.06 0.07 0.44 0.47 0.45
22:4n-6 0.36 0.39 0.38 0.39 0.36 0.35
Pentaenes
20:5n-3 11.23 2.18 2.17 6.39 6.57 6.58
22:5n-6 0.44 0.10 0.08 0.24 0.23 0.27
22:5n-3 5.39 4.47 4.32 4.82 4.90 4.91
Hexaenes
22:6n-3 6.01 1.39 1.37 3.70 3.81 3.77
SSFA 34.48 26.62 25.62 29.73 30.14 30.75
SMUFAw 36.24 21.89 25.55 30.09 30.45 31.14
SPUFAz 6.48 48.56 44.39 26.03 27.22 26.04
Sn-3 HUFA‰ 6.01 1.39 1.37 3.70 3.81 3.77
Sn-6 HUFAz 27.44 9.20 13.72 19.05 18.80 20.16
Sn-3k 7.28 48.91 40.01 25.43 27.26 24.67
Sn-6 3.77 0.19 0.34 0.75 0.69 0.82
DHA/EPAww 0.54 0.64 0.63 0.58 0.58 0.57
Saturated fatty acids (SFA): 12:0, 14:0, 15:0, 16:0, 17:0, 18:0, 20:0,
22:0, 24:0.
wMonounsaturated fatty acids (MUFA) (monoenes): 16:1, 18:1,
20:1, 22:1.
zPolyunsaturated fatty acids (PUFA): 18:2, 18:3, 20:2, 20:3.
‰n-3 highly unsaturated fatty acids (n-3 HUFA): 18:4n-3, 20:4n-3,
20:5n-3, 22:5n-3, 22:6n-3.
zn-6 highly unsaturated fatty acids (n-6 HUFA): 20:4n-6, 22:4n-
6, 22:5n-6.
kn-3: 18:3n-3, 18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3.
n-6: 18:2n-6, 20:2n-6, 20:4n-6, 22:4n-6, 22:5n-6.
wwRatio of 22:6n-3 to 20:5n-3.
Means of three analysis.
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ABWday1; P  0.05). The lowest protein gain was
recorded in the crabs fed diet SF (2.62 g kg1
ABWday1), followed by those fed SB (2.88 g kg1
ABWday1). Signi¢cantly higher (P  0.05) lipid in-
take (SF55.1 and SB55.12 g kg1 ABWday1 re-
spectively; P  0.05) along with signi¢cantly lower
(P  0.05) lipid gain (0.13 and 0.19 g kg1
ABWday1 respectively; P  0.05) was recorded
for the crabs fed SF and SB. All other treatments (CL,
M1, M2 and M3) recorded signi¢cantly lower
(P  0.05) lipid intake (4.47^4.54 g kg1ABWday1,
P  0.05), together with signi¢cantly higher
(P  0.05) lipid gain (0.43^0.45 g kg1 ABWday1;
P  0.05). Energy intake followed the same pattern of
protein and lipid intake, with higher energy intake re-
corded in crabs fed SF and SB (0.85^0.87MJ kg1
ABWday1; P  0.05). All other treatments showed
signi¢cantly lower (P  0.05) energy intake (0.75^
0.76MJ kg1 ABWday1; P  0.05). Signi¢cantly
higher (P  0.05) daily energy gain was recorded in
crabs fed CL, M1, M2 and M3 (0.11MJ kg1
ABWday1; P  0.05), whereas the crabs fed SF and
SB recorded lower energy gains (0.07^0.08MJ kg1
ABWday1; P  0.05).
Table 5 Survival, growth, molting and feed e⁄ciency of Scylla serrata juveniles fed diets supplemented with di¡erent lipid
sources
Diets
CL SF SB M-1 M-2 M-3 PSEM
Survival (%) 100 100 100 100 100 100 –
LWG (%)w 1788.82a 402.66b 483.07c 1758.65a 1766.42a 1773.11a 55.82
CWG (%)z 228.08a 169.41c 190.18b 227.85a 227.89 a 227.92a 0.10
SGR (%day1)‰ 4.58a 2.21c 2.50b 4.55a 4.56a 4.56a 0.12
Av.IMD (daysmolt 1)z 11.0c 17.3a 13.4b 10.8c 10.8c 11.0c 0.31
VFI (% ABWday1)k 4.31b 4.95a 5.01a 4.36b 4.37b 4.32b 0.11
FCR 1.52c 2.59a 2.40b 1.54c 1.54c 1.52c 0.07
PERww 1.47a 0.86b 0.93b 1.45a 1.44a 1.46a 0.08
Survival5100  (¢nal number of crabs 
 initial number of crabs), during 65 days of the experimental period.
wLive weight gain (LWG)5100  [(¢nal mean body weight initial mean body weight) 
 initial mean body weight].
zCarapace width gain (CWG)5100  [(¢nal mean carapace width initial mean carapace width) 
 initial mean carapace width].
‰Speci¢c growth rate (SGR)5100  [(loge ¢nal body weight loge initial body weight) 
 65 days].
zAverage intermolt duration (Av.IMD)5 (duration in days between ¢rst and last molt 
 number of molts), during 65 days of the experi-
mental period.
kVoluntary feed intake (VFI)5100  (feed intake 
 ABW 
 65 days), where average body weight (ABW)5 (initial body weight1¢nal
body weight) 
 2.
Feed conversion ratio (FCR)5 dry feed fed 
 wet weight gain.
wwProtein e⁄ciency ratio (PER)5wet weight gain 
 total protein fed.
Means (n524) in the same row with di¡erent superscripts are signi¢cantly di¡erent (Po0.05).
PSEM, pooled standard error of mean.
Table 6 Proximate composition (% live weight) and gross energy of Scylla serrata juveniles fed diets supplemented with dif-
ferent lipid sources
Initial
Diets
CL SF SB M1 M2 M3 PSEM
Moisture 72.68 72.35b 73.10a 72.63ab 72.26b 72.32b 72.20b 0.18
Crude protein 13.92 13.92a 13.12b 13.86a 13.90a 13.93a 13.90a 0.05
Crude fat 1.48 1.54a 0.89c 1.01b 1.58a 1.51a 1.57a 0.06
Ash 10.06 10.53b 10.85a 10.63b 10.52b 10.61b 10.60b 0.10
Nitrogen-free extract 1.83 1.66b 1.58c 1.33d 1.76a 1.73a 1.73a 0.05
Gross energy (MJkg1) 3.87 3.86a 3.56b 3.57b 3.88a 3.84a 3.88a 0.06
Feeding period565 days.
Means (n53; pooled samples having 24 crabs per treatment) in the same row with di¡erent superscripts are signi¢cantly di¡erent
(Po0.05).
PSEM, pooled standard error of mean.
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FA pro¢les of diets and experimental crabs
The FA pro¢les (mg g1 dry weight) of the test diets
are presented inTable 4. Higher levels of linoleic acid
(LA, 18:2n-6) was recorded in diets supplemented
with vegetable oils (SFand SB) alone, followed by the
cod liver oil^vegetable oil mixture supplements (M1,
M2 and M3). Higher 18:3n-3 was recorded in diets
supplemented with soybean oil. The highest arachi-
donic acid (AA, 20:4n-6) level was observed in diets
supplemented with cod liver oil alone, whereas the
lowest was recorded in the diets supplemented only
with vegetable oils. The lowest EPA (20:5n-3) was es-
timated in the diets supplemented with vegetable oils
alone (SF and SB), whereas the highest level was re-
corded in the diet supplemented with cod liver oil
alone (CL). A moderate level of 20:5n-3 was observed
in the diets supplemented with the cod liver oil^vege-
table oil mixture (M1, M2, and M3). A similar trend
was also observed in the level of DHA (22:6n-3) in
M1, M2, and M3. The lower levels of 20:5n-3 and
22:6n-3 estimated in the diets SF and SB supplemen-
ted withvegetable oils alone originated from the non-
lipid marine ingredients such as ¢sh meal, shrimp
meal, squid meal and clam meal.
The FA pro¢les of juvenile crabs (Table 8) fed diets
supplemented with di¡erent lipid sources clearly in-
dicated the in£uence of di¡erent dietary lipid supple-
ments. Among saturates, 16:0 (palmitic acid) was
found to be accumulated in higher quantities fol-
lowed by 18:0 (oleic acid) in crabs fed various diets.
Higher levels of both 16:0 and 18:0 were recorded in
crabs fed diets containing cod liver oil (CL, M1, M2
and M3). Higher levels of monoenes such as 16:1n-7,
18:1n-9,18:1n-7, 20:1n9, 20:1n-7 and 22:1n-9 accumu-
lated in crabs fed diets supplemented with vegetable
oils alone. Higher levels of 18:2n-6 were recorded in
crabs fed diet SF, followed by SB and diets supplemen-
tedwithmixed oil supplements (M1,M2 andM3).The
highest linolenic acid (LNA, 18:3n-3) level was re-
corded in crabs fed diet SB. Lower 20:5n-3 and
22:6n-3 were recorded in crabs fed diets supplemen-
ted with vegetable oils alone (SFand SB).The levels of
both 20:5n-3 and 22:6n-3 in all other treatments
were comparable.
Discussion
In the present study, six di¡erent lipid supplements
(Table 2) were tested for their e⁄cacy, and the results
show that the best growth performance was
achieved in crabs fed diets supplemented with either
cod liver oil (CL) alone or a combination of cod liver
oil and vegetable oils (M1-2.80:1.40:1.40, M2-
2.80:2.24:0.56 and M3-2.80:0.56:2.24; cod liver oil:-
sun£ower oil:soybean oil). These results con¢rmed
that marine oils have superior nutritive value
to vegetable oils when fed alone, which again
can be linked to their higher levels of n-3 HUFAs. Pre-
vious studies on Marsupenaeus japonicus (Guary,
Kayama, Murakami & Ceccaldi 1976; Kanazawa, Te-
shima & Tokiwa 1977), P. monodon (Catacutan 1991),
L. vannamei (Lim et al.1997; Zhou et al. 2007),Macro-
brachium rosenbergii (Joseph & Williams 1975; Sandi-
fer & Joseph 1976), Homarus americanus (Castell &
Covey 1976) and C. maenas (Ponat & Adelung 1980)
also reported the superior nutritional value of
marine lipids over diets supplemented with vegetable
oils alone.
Table 7 Intake and gain of crude protein, crude fat (g kg1ABWday1) and gross energy (MJ kg1 ABWday1) by Scylla
serrata juveniles fed diets supplemented with di¡erent lipid sources
Diets
CL SF SB M1 M2 M3 PSEM
Crude protein intake 19.25b 22.39a 22.13a 19.49b 19.66b 19.36b 0.31
Crude protein gain 3.95a 2.62b 2.88b 3.93a 3.92a 3.94a 0.06
Crude fat intake 4.48c 5.12b 5.17a 4.52c 4.54c 4.47c 0.09
Crude fat gain 0.44a 0.13c 0.19b 0.45a 0.43a 0.45a 0.01
Gross energy intake 0.75b 0.87a 0.85a 0.76b 0.76b 0.76b 0.02
Gross energy gain 0.11a 0.07c 0.08b 0.11a 0.11a 0.11a 0.008
Feeding period565 days.
Nutrient or energy gain5nutrient or energy retained 
 average body weight 
 experimental duration in days, where average body
weight (ABW)5 (initial body weight1¢nal body weight) 
 2.
Means (n524) in the same row with di¡erent superscripts are signi¢cantly di¡erent (Po0.05).
PSEM, pooled standard error of mean.
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In contrast to the above reports, Deering, Fielder
and Hewitt (1997) stated that P. monodon fed vegeta-
ble oils rich in18:2n-6 and18:3n-3 exhibited superior
growth performance as compared with those fed oils
of marine origin. Although most aquatic animals
possess a range of elongase and desaturase enzymes
capable of modifying dietary FAs (Anderson & De Sil-
va 2003), research has shown that marine crusta-
ceans generally lack the enzymes necessary for
converting LA (18:2n-6) and LNA (18:3n-3) to longer
chain FAs, and therefore have a limited ability for
de novo synthesis of essential HUFA (Kanazawa,
Teshima&Ono1979; Bottino, Gennity, Lilly, Simmons
& Finnc 1980; Merican & Shim1996). Sheen andWu
(1999), Sheen andWu (2003), Suprayudi et al. (2004a)
and Holme et al. (2007b) reported that S. serrata
megalopae as well as juveniles lack enzyme systems
to synthesize essential HUFAs from18 carbon chain
FAs (18:C). Sheen and Wu (2003) further reported
that the conversion of 22:6n-3 to 20:5n-3 occurs in
mud crabs.
Partial replacement of pollack liver oil with linseed
oil in theM. japonicus diet, showed improved growth
than that of the shrimps fed diets supplemented with
either oil alone (Deshimaru, Kuroki & Yone 1979).
However, in the present study, the growth response
of crabs fed CL (diet supplemented with cod liver oil
alone) was not signi¢cantly di¡erent from those fed
diets supplemented with a cod liver oil^vegetable oil
mixture (M1, M2 and M3) at 1:1 ratio. Pioneering
work by Sheen and Wu (1999), on the lipid require-
ment of juvenile S. serrata, used a combination of
cod liver oil and corn oil at a 2:1ratio (gross feed lipid
level 5.3^13.8%), which appears to meet the lipid re-
quirement for the species. Also, S. serrata megalopae
fed an MBD containing ¢sh oil:corn oil at a 1:1 ratio
supported greater survival of megalopae when com-
pared with Artemia fed controls (Holme et al. 2007b).
The above reports and the present study con¢rm
the possibility of partial replacement of ¢sh oil in the
formulated diet with suitable vegetable oils, without
compromising survival and growth of juvenile
S. serrata.
While there has been limited research in this ¢eld
with crabs, Levine and Sulkin (1984) identi¢ed a diet-
ary de¢ciency of EPA (20:5-n3) and DHA (22:6n-3) as
a cause of low survival, longer intermolt period and
narrower carapace width of newly molted Eurypano-
peus depressus, and similar results were later obtained
for S. serrata larvae and juveniles (Sheen &Wu 2003;
Suprayudi et al. 2004a). The longer av.IMD, reduced
molting frequency and narrower CWG in the crabs
Table 8 Fatty acid pro¢le (mgg1dry weight) of Scylla ser-
rata juveniles fed diets supplemented with di¡erent lipid
sources
Fatty acid Initial
Diets
CL SF SB M1 M2 M3
Saturates
12:0 0.28 0.01 0.06 0.01 0.03 0.03 0.02
14:0 1.98 2.11 0.35 0.34 1.89 1.72 1.95
15:0 0.96 0.06 0.03 0.04 0.01 0.01 0.02
16:0 14.31 16.36 1.63 4.60 15.74 14.49 13.36
17:0 0.96 0.60 0.18 0.12 0.29 0.24 0.27
18:0 7.05 5.56 1.22 1.63 6.97 6.83 6.47
20:0 0.00 0.00 0.01 0.02 0.01 0.00 0.00
Monoenes
16:1n-7 1.09 1.20 3.59 3.47 1.40 1.23 1.35
18:1n-9 5.86 4.87 9.24 9.00 5.14 5.09 5.21
18:1n-7 0.91 0.67 2.21 2.21 0.73 0.90 0.74
20:1n-9 0.32 0.35 1.09 0.93 0.31 0.27 0.33
20:1n-7 0.10 0.00 0.39 0.37 0.00 0.00 0.00
22:1n-9 0.00 0.00 0.01 0.01 0.00 0.00 0.00
Dienes
18:2n-6 2.20 2.37 9.41 6.87 6.42 6.27 6.58
20:2n-6 0.00 0.03 0.00 0.00 0.01 0.00 0.00
Trienes
18:3n-3 0.68 0.67 0.42 2.74 1.23 1.08 1.55
Tetraenes
18:4n-3 0.00 1.73 0.00 0.00 0.59 0.50 0.61
20:4n-6 2.22 2.21 1.46 1.53 2.12 2.10 2.06
20:4n-3 0.00 0.06 0.00 0.00 0.05 0.00 0.00
22:4n-6 0.87 0.00 0.53 0.00 0.00 0.00 0.00
Pentaenes
20:5n-3 8.34 8.77 1.40 1.47 8.47 8.23 8.31
22:5n-6 0.57 1.17 0.05 0.00 0.51 0.49 0.56
22:5n-3 0.95 1.98 0.58 0.29 0.68 0.78 0.62
Hexaenes
22:6n-3 4.51 4.91 0.99 1.06 4.37 4.29 4.46
SSFAw 25.54 24.70 3.48 6.76 24.94 23.32 22.09
SMUFAz 8.28 7.09 16.53 15.99 7.58 7.49 7.63
SPUFA‰ 2.89 3.07 9.83 9.61 7.66 7.35 8.13
Sn-3 HUFAz 13.80 17.46 2.96 2.82 14.16 13.80 14.00
Sn-6 HUFAk 3.66 3.38 2.04 1.53 2.63 2.59 2.62
Sn-3 14.49 18.12 3.39 5.56 15.39 14.88 15.55
Sn-6ww 5.87 5.79 11.45 8.40 9.05 8.86 9.20
Fatty acid pro¢le of crabs before the treatment.
wSaturated fatty acids (SFA): 12:0, 14:0, 15:0, 16:0, 17:0, 18:0, 20:0.
zMonounsaturated fatty acids (MUFA) (monoenes):16:1,18:1, 20:1,
22:1.
‰Polyunsaturated fatty acids (PUFA): 18:2, 18:3, 20:2.
zn-3 highly unsaturated fatty acids (n-3 HUFA): 18:4n-3, 20:4n-3,
20:5n-3, 22:5n-3, 22:6n-3.
kn-6 highly unsaturated fatty acids (n-6 HUFA): 20:4n-6, 22:4n-
6, 22:5n-6.
n-3: 18:3n-3, 18:4n-3, 20:4n-3, 20:5n-3, 22:5n-3, 22:6n-3.
wwn-6: 18:2n-6, 20:2n-6, 20:4n-6, 22:4n-6, 22:5n-6.
Means of three analysis of pooled samples having 24 crabs per
treatment.
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fed diet supplemented with vegetable oil alone (SF
and SB) can be attributed to the low levels of essential
HUFAs in those diets. Molting frequency of crusta-
ceans is related to the synthesis of hormone-like
components such as the eicosanoids (Koskela, Green-
wood & Rothlisberg 1992), which are derived from
HUFAs such as 20:4n-6, 20:5n-3, and 22:6n-3 (Row-
ley, Knight, Lloyd-Evans, Holland & Vickers 1995).
Molting in crustaceans is regulated by ecdysteroids
secreted from theY-organ, which is released into the
haemolymph (Subramoniam 2000). It is shown that
ecdysteroids get metabolized in conjugation with ei-
cosanoids (Doston, Connat & Diehl 1993) to control
the molting. This again can be related to the impor-
tant role of 20:5n-3 and 22:6n-3 in accelerating the
intermolt period and production of greater carapace
widths in the ¢rst crab stage of S. serrata (Suprayudi
et al. 2004a) and Portunus trituberculates (Takeuchi,
Satoh, Sekiya, Shimizu &Watanabe1999).
Signs of excessive dietary HUFAwere observed in
S. serratamegalopae fed high ¢sh oil to corn oil ratios
(2:1, 3:1 and 1:0) in MBD compared with the megalo-
pae fed MBD supplemented with 1:1 ¢sh oil^corn oil
mixture (Holme et al. 2007b). However, in the present
study, no such negative in£uence was reported in ju-
venile crabs fed diet supplemented with cod liver oil
alone at a 5.6% level of supplementation. In contrast,
higher growth response was obtained, which was
comparable to that of the crabs fed M1, M2 and M3
(supplemented with a cod liver oil^vegetable oil mix-
ture at a1:1ratio).
The whole body protein and ash levels of crabs fed
di¡erent diets did not showany signi¢cant di¡erence
except for those fed diets SF and SB. The lower levels
of protein in the crabs fed diets SF and SB clearly in-
dicated poor utilization of dietary protein in these
diets, despite feeding on the same protein source.
The result further con¢rmed the importance of HU-
FAs such as AA (20:4n-6), EPA (20:5n-3) and DHA
(22:6n-3) from a marine lipid source in crustacean
diet to improve the nutrient utilization. The crabs fed
SF and SB, which had a poor growth response, re-
corded a signi¢cantly higher ash level than that of
the crabs fed other diets. A similar trend was also re-
ported in L. vannamei fed di¡erent lipid supplements
(Lim et al.1997; Zhou et al. 2007).
Carcass lipid, however, tended to be a¡ected by the
nutritional value of the dietary lipid, with a higher li-
pid content measured in crabs fed CL, M1, M2 and
M3. Similar observations were reported in crusta-
ceans fed lipid sources such as cod liver oil, menha-
den oil, sardine oil or pollock liver oil, which
supported a better growth response (Colvin 1976;
Catacutan 1991; Lim et al. 1997; Vasagam et al. 2005;
Zhou et al. 2007).
Body moisture tended to decrease with an increas-
ing fat content as has been generally reported in the
case of terrestrial animals (Maynard & Loosli 1969).
Similar trends were reported in L. vannamei (Lim
et al. 1997; Zhou et al. 2007). The higher gross energy
levels estimated in crabs fed CL, M1, M2 andM3were
in accordance with the increase in growth rates.This
can be attributed to the increased accretion of lipid
and protein in tissues, resulting in higher growth
rates.
The dietary protein, lipid and energy intake of
crabs fed di¡erent diets showed a direct correspon-
dence with that of VFI. A higher protein, energy and
lipid intake along with a higherVFI and FCRwas ob-
served in the crabs fed SF and SB (vegetable oil sup-
plements). In this case, the crabs tend to adjust their
feed intake to compensate for the requirements of es-
sential HUFAs (AA, EPA and DHA) available at a low-
er level in the diets SF and SB. Aquatic animals
usually regulate feed intake to meet energy require-
ments (Bureau, Kaushik & Cho 2002; Vivas, Rubio,
Sanchez-Vazquez, Mena, Garcia & Madrid 2006).
Within these limits, theyalso try to adjust feed intake
to meet the nutrient requirements (Peres & Oliva-
Teles 1999;Vivas, Sanchez-Vazquez, Garcia & Madrid
2003;Vivas et al.2006).The gain in body protein, lipid
and energy levels of crabs fed diets M1, M2 and M3
were higher and comparable to that of crabs fed diet
CL. This further con¢rms the feasibility of partial re-
placement of marine ¢sh oils with suitable vegetable
oils in the diet of juvenile mud crabs.
The apparent crude protein, crude fat and gross
energy digestibility of the test diets were found to be
in£uenced by the dietary lipid supplements.The diets
supplemented with vegetable oils (SF and SB) alone
showed poor nutrient and energy digestibility,
whereas those diets supplemented with cod liver oil
(CL) alone or in combinationwith vegetable oils (M1,
M2 and M3) showed better nutrient and energy di-
gestibility. Similar observations were also recorded
in P. monodon byVasagam et al. (2005). The lower ap-
parent nutrient and gross energy digestibility of diets
supplemented with vegetable oil alone can be attrib-
uted to the increased VFI of crabs fed those diets as
discussed earlier. Unlike ¢sh, crustaceans possess a
shorter digestive tract (Hemambika & Paulraj 2007)
and have little plasticity to accommodate excessive
feeding rate. Hence, the increasedVFI might have re-
duced the gut retention time of the ingested diet and
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might have resulted in incomplete digestion and ab-
sorption of dietary nutrients.
Survival of crabs in the current investigation was
not found to be a¡ected by the lipid source in the diet,
with 100% survival in all the treatments. Out of the
 9.79% crude fat in the diets,2.63%was contributed
by marine protein sources (meals of ¢sh, shrimp,
clam and squid). The FA pro¢les of the diets clearly
re£ected that of the known FA pro¢les of cod liver oil
(Glencross & Smith1999), sun£owerand soybeanoils
(Dubois, Breton, Linder, Fanni & Parmentier 2007)
used as the lipid supplements in the present study.
The FA pro¢le of diets further con¢rmed the presence
of essential HUFAs such as 20:4n-6, 20:5n-3 and
22:6n-3 in diets supplemented with vegetable oils
alone, but their levels were less than those in other
diets. Therefore, the inherent lipid content from the
marine protein sources appears to satisfy the require-
ments of the above essential HUFAs for survival and
maintenance metabolism of juvenile mud crabs fed
diets SB and SF.
The FA composition of the test diets was re£ected,
to a certain extent, on the FA composition of the
whole crab as earlier reported in other crustaceans
such as F. indicus (Colvin1976),M. japonicus (Kanaza-
wa,Teshima, Endo & Kayama1978), P. monodon (Cat-
acutan 1991; Deering et al. 1997) and L. vannamei
(GonzaŁ les-Fe¤ lix, Lawrence, Gatlin III & Perez-Velaz-
quez 2002). However, certain FAs appeared to be se-
lectively retained, because of their presence in small
amounts in some diets, but in relatively higher
amounts in tissues, such as the case of AA, EPA and
DHA. Sparing or preferential retention of speci¢c es-
sential HUFAs at the expense of saturated FAs and
monounsaturated FAs (MUFAs) has also been de-
monstrated in other crustaceans such as Fennerope-
naeus chinensis (Xu, Ji, Castell & O’Dor 1994),
P. monodon (Deering et al. 1997) and L. vannamei
(GonzaŁ les-Fe¤ lix et al. 2002). In F. chinensis, it is sug-
gested that the relatively high levels of HUFAs such
as AA, EPA and DHA in the body lipids of shrimp fed
EFA-free diets were probably the result of preferential
utilizationof short- andmedium-chain FAs as energy
sources for metabolism rather than an increase in
the absolute content of the HUFAs (Xu et al.1994).
The crabs fed soybean oil-supplemented diets
showed a much better growth response than the
crabs fed diets supplemented with sun£ower oil
alone. From the present estimations and previous re-
ports (Glencross & Smith 1999; Dubois et al. 2007), it
is known that both sun£ower oil and soybean oil are
rich in 18:2n-6, whereas soybean oil has a greater
content of18:3n-3 than sun£ower oil. This clearly in-
dicates the nutritional superiority of 18:3n-3 over
18:2n-6 for mud crabs. Similar reports are also avail-
able in the same species (Suprayudi et al. 2004a),
M. japonicus (Kanazawa, Tokiwa, Kayama & Hirata
1977; Kanazawa,Teshima & Tokiwa1979; Kanazawa,
Teshima,Tokiwa & Ceccaldi 1979), P. monodon (Meri-
can & Shim 1996; Glencross & Smith 1999), Penaeus
stylirostris (Fenucci, Lawrence & Zein-Eldin 1981),
L. vannamei (Lim et al. 1997) and F. chinensis (Xu, Ji,
Castell & O’Dor1993).
A higher level of MUFAs such as 16:1n-7, 18:1n-9,
18:1n-7 in juvenile crabs fed vegetable oil-supplemen-
ted diets (SF and SB) was recorded in the present
study. Higher tissue levels of the above-mentioned
monounsaturates are indicative of the EFAde¢ciency
in crabs fed diets SF and SB de¢cient in n-3 and n-6
HUFAs (Colvin1976; Guary et al.1976; Kanazawa,To-
kiwa et al. 1977; Kanazawa,Teshima, & Tokiwa,1979;
Kanazawa Teshima, Tokiwa et al. 1979; Bottino et al.
1980; Catacutan 1991; Deering et al. 1997; Lim et al.
1997; GonzaŁ les-Fe¤ lix et al. 2002;Vasagam et al. 2005).
The ratio of the dietary n-3 and n-6 FAs is a further
aspect of FA nutrition, which is gaining support as
also being an important facet to FA metabolism and
lipid nutrition in aquatic species (Yu & Sinnhuber
1975; Bell, Henderson & Sargent 1986; Xu et al. 1993;
Robaina, Izquierdo, Moyana, Socorro,Vergara &Mon-
tero 1998; Sargent et al. 1999). In the present study,
although the n-3/n-6 FA ratio of the diet CL (3.78)
was almost ¢ve times that of the ratios observed in
M1, M2 and M3 (0.7^0.8), the crabs fed M1, M2 and
M3 did not di¡er in growth performance from those
fed CL.The poorly performed diets SFand SB (supple-
mented with vegetable oils alone) had a lower n-3/n-
6 FA ratio (0.18^0.34).The diets (supplementedwith a
cod liver:corn oil mixture at a 2:1ratio), which gave a
higher growth response in the feeding trial by Sheen
andWu (1999) to estimate the lipid requirement (5.3^
13.8% gross lipid) of juvenile S. serrata, had an n-3/n-
6 ratio of 0.39^0.47 (calculated from the given data).
In contrast, the menhaden oil:corn oil mixture at a
1:1 ratio in the MBD (Holme et al. 2007b), which gave
a more frequent molting, faster metamorphosis and
higher survival in S. serrata megalopae, had a very
high n-3/n-6 ratio of 5.88 (calculated from the given
data). The discrepancies observed in the n-3/n-6 ra-
tios of the previous investigations and present study
calls for a logical research on the optimum dietary
n-3/n-6 ratio for S. serrata.
It was reported that a minimum level of 0.2% EPA
and DHA together in diet is found to be required for
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survival andmaintenance of metabolism in S. serrata
(Sheen &Wu 2003). In the present study, the diets SF
and SB supplementedwithvegetable oils alone had at
least a 0.97^1.04% (9.7^10.38mgg1) HUFA level
(out of 1.84^1.88% total dietary HUFA) contributed
by EPA and DHA available from the marine protein
sources (¢shmeal, shrimp meal, squid meal and clam
meal). This could ensure 100% survival throughout
the experiment, although the growth performance
exhibited by crabs fed these two diets was poor. Diet
CL had a1.72% (17.23mgg1) HUFA level (out of the
2.82% total dietary HUFA) contributed by EPA and
DHA, whichwas much higher (1.65^1.77 times) than
the levels inM1, M2 andM3 (1.02%), but the crabs fed
these diets did not di¡er in growth.
The DHA/EPA ratio of the diets CL, M1, M2 and
M3, which gave a better growth response, was in the
range of 0.54^0.58.This ratio is in consensus with the
ideal dietary DHA/EPA ratio (0.56) for Eriocheir sinen-
sis, resulting in higher larval survival and metamor-
phosis (Sui, Wille, Cheng & Sorgeloos 2007). The
DHA/EPA ratio in the enriched Artemia nauplii, ran-
ging from 0.69 to 0.82, promoted faster molting and
higher survival of S. serrata megalopae (Suprayudi
et al. 2004b). However, little information is available
on the optimum DHA/EPA ratio promoting the best
growth response in juvenile S. serrata.
The results of the present investigationare promis-
ing and further con¢rmed that themud crab, S. serra-
ta, can utilize vegetable oil supplements in the
formulated diets as partial replacement of cod liver
oil, without compromising the growth and survival.
Vegetable oils rich in18:2n-6 and18:3n-3 when sup-
plemented alone in the diet could not satisfy the EFA
requirement of the juvenile crabs for normal growth,
which further con¢rmed the reports by Suprayudi
et al. (2004a). Currently, the feeds such as trash ¢sh,
molluscan meat, meat entrails, etc. are being widely
used for mud crab farming, which raises issues on
storage, quality and continuous supply. Apart from
these constraints, these feeds also have a negative im-
pact on farm water quality. At present, the mud crab
aquaculture is a small-scale ancillary farming activ-
ity of ¢sher-folks in India andmany South East Asian
countries. The popularization of nutritionally ade-
quate, farmer-friendly as well as ecofriendly formu-
lated diets, assured of quality and continuous supply,
is the need of the hour. To motivate and convince the
use of formulated diets by the target ¢sher-folks em-
ployed in mud crab farming is primarily governed by
the cost-e¡ectiveness of such diet. Partial replace-
ment of marine ¢sh oil with vegetable oils in the diet
can reduce the input cost of lipid supplements (by10^
15 times, based on bulk local price of various feed-
grade oils in India), thereby cutting down the feed
cost considerably. This will further enhance the
scope for popularization of such diets in mud crab
farming.
Acknowledgments
The authors are grateful to the National Agricultural
Technology Project (Joint funding programme of In-
dian Council of Agricultural Research and World
Bank ^ ICAR/NATP/CAES-PSR/9903) for funding
this investigationand providing fellowship to the ¢rst
author during the tenure of his Doctoral research.
Expert assistance in identifying the species in new
taxonomic lines by Dr Clive P. Keenan and Dr David
Mann, Department of Primary Industries, ACIAR,
Australia, is duly acknowledged.We thank Mrs Rosa-
lie Shaefer, NMFS, FL, USA, andMr Biswamitra Patro,
Aquaculture Research Station, Louisiana State Uni-
versity Agricultural Center, LA, USA, for providing
bibliographic support. Technical assistance in bio-
chemical analysis, provided by Mr Nandakumar
Rao, CMFRI, Cochin, India, is gratefully appreciated.
References
Adelung D. & Ponat A. (1977) Studies to establish an optimal
diet for the decapod crab Carcinus maenas under culture
condition.Marine Biology 44, 287^292.
AndersonT. & De Silva S. (2003) Nutrition. In: Aquaculture:
Farming Aquatic Animals and Plants (ed. by J.S. Lucas &
P.C. Southgate), pp. 146–171. Blackwell Publishing,
Vic., Australia.
AOAC (1990) O⁄cial Methods of Analysis,15th edn. Associa-
tion of O⁄cial Analytical Chemists,Washington DC, USA,
1094pp.
Bell M.V., Henderson R.J. & Sargent J.R. (1986) The role of
polyunsaturated fatty acids in ¢sh. Comparative Biochem-
istry and Physiology Part B 83,711^719.
Bottino N., Gennity J., LillyM., Simmons E. & Finnc G. (1980)
Seasonal and nutritional e¡ects of the fatty acids of three
species of shrimp, Penaeus setiferus, Penaeus aztecus and
Penaeus duorarum. Aquaculture19,139^148.
Boyd C. & Clay J. (1998) Shrimp aquaculture and the envir-
onment. Scienti¢c American 278, 42^48.
Bureau D.P., Kaushik S.J. & Cho C.Y. (2002) Bioenergetics. In:
Fish Nutrition, 3rd edn. (ed. by J.E. Halver & R.W. Hardy),
pp.1^59. Academic Press, San Diego, CA, USA.
Carter J.F., Bolin D.W. & Erickson D. (1960) Evaluation of
forages by the agronomic ‘di¡erence’method and the chromo-
gen oxide ‘indication’techniques. North Dakota Agriculture
Extension Bulletin 426,55pp.
E⁄cacy of dietary lipid supplements for S. serrata U Unnikrishnan et al. Aquaculture Research, 2010, 41, 1498–1513
r 2009 TheAuthors
1510 Aquaculture Researchr 2009 Blackwell Publishing Ltd, Aquaculture Research, 41, 1498^1513
Castell J.D. & Covey J.F. (1976) Dietary lipid requirements of
adult lobsters,Homarus americanus (M.E.). Journal of Biolo-
gical Chemistry 86,587^621.
Catacutan M.R. (1991) Growth and fatty acid composition of
Penaeus monodon juveniles fed various lipids. Bamidgeh
43, 47^56.
Catacutan M.R. (2002) Growth and body composition of ju-
venile mud crab, Scylla serrata, fed di¡erent dietary pro-
tein and lipid levels and protein to energy ratios.
Aquaculture 208,113^123.
Chandge M.S. & Paulraj R. (1990) Nutritive value of natural
lipid sources for Indian white prawn, Penaeus indicus H.
Milne Edwards. In: Proceedings of Second Indian Fisheries
Forum, 27^31 May 1990 (ed. byJoseph M.M.. pp. 15^21.
Asian Fisheries Society, Indian Branch, Mangalore, India.
Chin H.C., Gunasekera U.P.D. & Amandokoon H.P. (1992)
Formulation of arti¢cial feeds for mud crab culture: a pre-
liminary biochemical, physical and biological evaluation.
In: Report of the Seminar on theMud Crab Culture andTrade,
SuratThani,Thailand,5^8 November1991 (ed. by C.A. An-
gell), pp.179^184. Bay of Bengal Program, BOBP/REP/51,
Madras, India.
Colvin P.M. (1976) The e¡ect of selected seed oils on the fatty
acid composition and growth of Penaeus indicus. Aquacul-
ture 8,81^89.
Corraze G. (2001) Lipid nutrition. In: Nutrition and Feeding of
Fish and Crustacean (ed. by J. Gillaume, S.J. Kaushik, P. Be-
got & R. Metailler), pp.111^129. Praxis, Chishester, UK.
Cuzon G. & Guillaume J. (1997) Energy and protein: energy
ratio. In: CrustaceanNutrition ^ Advances inWorld Aquacul-
tureVI (ed. by L.R. D’Abramo, D. Conklin & D. Akiyama),
pp. 51^70.World Aquaculture Society, Baton Rouge, LA,
USA.
D’Abramo L.R. (1997) Triacylglycerols and fatty acids. In:
Crustacean Nutrition ^ Advances inWorld Aquaculture VI
(ed. by L.R. D’Abramo, D. Conklin & D. Akiyama), pp. 71^
84.World Aquaculture Society, Baton Rouge, LA, USA.
Deering M.J., Fielder D.R. & Hewitt D.R. (1997) Growth and
fatty acid composition of juvenile leader prawns, Penaeus
monodon. Aquaculture151,131^141.
Deshimaru O., Kuroki K. & YoneY. (1979) The composition
and level of dietary lipid appropriate for growth of
prawn. Bulletin of Japanese Society of scienti¢c Fisheries
45,591^594.
Doston E.M., Connat J.L. & Diehl P.A. (1993) Metabolism of
[3H]-ecdyson in embryos and larvae of the tick Ornitho-
doros moubata. Archives of Insect Biochemistry and Physiol-
ogy 23,67^78.
Dubois V., Breton S., Linder M., Fanni J. & Parmentier M.
(2007) Fatty acid pro¢les of 80 vegetable oils with regard
to their nutritional potential. European Journal of Lipid
Science andTechnology109,710^732.
Duncan D.B. (1955) Multiple range andmultiple F-tests. Bio-
metrics11,1^42.
Fenucci J.L., Lawrence A.L. & Zein-Eldin Z.P. (1981) The ef-
fects of fatty acid and shrimp meal composition of pre-
pared diets on growth of juvenile shrimp, Penaeus
stylirostris. Journal of World Mariculture Society 12,
315^324.
Folch J., Lees M., Sloane & Staney G. (1957) A simple method
for the isolation and puri¢cation of total lipids from ani-
mal tissue. Journal of Biological Chemistry 226, 497^509.
GenodepaJ., Zeng C. & Southgate P.C. (2004) Preliminaryas-
sessment of a microbound diet as anArtemia replacement
for mud crab, Scylla serrata, megalopa. Aquaculture 236,
497^509.
Gillespie N.C. & Burke J.B. (1992) Mud crab storage and
transport in Australian commerce. In: Report of the
Seminar on the Mud Crab Culture and Trade, Surat Thani,
Thailand, 5^8 November 1991 (ed. by C.A. Angell),
pp. 207^210. Bay of Bengal Program, BOBP/REP/51, Ma-
dras, India.
Glencross B.D. & Smith D.M. (1999) The dietary linoleic and
linolenic fatty acids requirements of the prawn Penaeus
monodon. Aquaculture Nutrition 5,53^63.
GonzaŁ les-Fe¤ lix M.L., Lawrence A.L., Gatlin D.M. III & Perez-
Velazquez M. (2002) Growth, survival and fatty acid com-
postion of juveniles Litopenaeus vannamei fed di¡erent oils
in the presence and absence of phospholipids. Aquacul-
ture 205,325^343.
Guary J.C., Kayama K., Murakami Y. & Ceccaldi H.J. (1976)
The e¡ect of a fat-free diet and compounded diets supple-
mented with various oils on molt, growth and fatty acid
composition of prawn, Penaeus japonicus. Aquaculture 7,
245^259.
Hemambika M. & Paulraj R. (2007) Digestive physiology. In:
Physiology ofMarineWhite Shrimp: Fenneropenaeus Indicus
(ed. byA.D. Diwan & M.J. Modayil), pp.128^164. Narendra
Publishing House, New Delhi, India.
HernaŁ ndez-Vergara M.P., Rouse D.B., Olvera-Novoa M.A. &
Davis D.A. (2003) E¡ects of dietary lipid level and source
ongrowthand proximate compositionof juvenile redclaw
(Cherax quadricarinatus) reared under semi-intensive cul-
ture conditions. Aquaculture 223,107^115.
Higgs D.A. & Dong F.M. (2000) Lipids and fatty acids. In: En-
cyclopedia of Aquaculture (ed. by R.R. Stickney), pp. 476^
496. JohnWiley & Sons, NewYork, NY, USA.
HolmeM.H., Southgate P.C. & Zeng C. (2007a) Assessment of
dietary lecithin and cholesterol requirements of mud
crab, Scylla serrata, megalopa using semi-puri¢ed micro-
bound diets. Aquaculture Nutrition13, 413^423.
Holme M.H., Southgate P.C. & Zeng C. (2007b) Survival, de-
velopment and growth response of mud crab, Scylla serra-
ta, megalopae fed semi-puri¢ed diets containing various
¢sh oil: corn oil ratios. Aquaculture 269, 427^435.
Jones P.L. & De Silva S. (1997) Apparent nutrient digestibility
of formulated diets by the Australian freshwater cray¢sh
Cherax destructor Clark (Decapoda, Parastacidae). Aqua-
culture Research 28,881^891.
Joseph J.D. &Williams J.E. (1975) Shrimp head oil: a potential
feed additive for mariculture. Proceedings of World Mari-
culture Society 6,147^155.
Aquaculture Research, 2010, 41, 1498^1513 E⁄cacy of dietary lipid supplements for S. serrata U Unnikrishnan et al.
r 2009 TheAuthors
Aquaculture Researchr 2009 Blackwell Publishing Ltd, Aquaculture Research, 41, 1498^1513 1511
Kanazawa A., Shimaya M., Kawasaki M. & Kashiwada K.
(1970) Nutritional requirements of prawn: I. Feeding and
arti¢cial diets. Bulletin of Japanese Society of Scienti¢c Fish-
eries 36,949^954.
Kanazawa A., Teshima S. & Tokiwa S. (1977) Nutritional
requirements of prawn. VII. E¡ect of dietary lipid in
growth. Bulletin of Japanese Society of Scienti¢c Fisheries
43,849^856.
Kanazawa A.,Tokiwa S., Kayama M. & Hirata M. (1977) Es-
sential fatty acids in the diet of prawn: I. E¡ect of linoleic
and linolenic acids on growth. Bulletin of Japanese Society
of Scienti¢c Fisheries 43,1111^1114.
Kanazawa A.,Teshima S., Endo M. & Kayama M. (1978) Ef-
fects of eicosapentaenoic acids on growth and fatty acid
composition of the prawn, Penaeus japonicus. Memoirs of
Faculty Fisheries, Kagoshima University 27,35^40.
Kanazawa A., Teshima S. & Ono K. (1979) Relationship be-
tween essential fatty acids requirements of aquatic ani-
mals and the capacity of bioconversion of linolenic acid
to highly unsaturated fatty acids. Comparative Biochemis-
try and Physiology-B 63, 295^298.
Kanazawa A.,Teshima S. & Tokiwa S. (1979) Biosynthesis of
fatty acids from palmitic acid in the prawn, Penaeus japo-
nicus. Memoirs of Faculty Fisheries, Kagoshima University
28,17^20.
Kanazawa A.,Teshima S.,Tokiwa S. & Ceccaldi H.J. (1979) Ef-
fects of dietary linoleic and linolenic acids on growth of
prawn. Oceanologica Acta 2, 41^47.
KeenanC.P. (1999) Aquaculture of themud crab, genus Scylla
^ past, present and future. In: Mud Crab Aquaculture and
Biology, ACIARProceedingsNo.78 (ed. by C.P. Keenan &
A. Blackshaw), pp. 9–13. ACIAR, Canberra, Australia.
Keenan C.P., Davie P.J.F. & Mann D.L. (1998) A revision of the
genus Scylla de Haan, 1833 (Crustacea: Decapoda:
Brachyura: Portunidae). Ra¥es Bulletin of Zoology 46,
217^245.
Koskela R.W., Greenwood J.G. & Rothlisberg P.C. (1992) The
in£uence of prostaglandin E2 and the steroid hormones,
17-alpha-hydroxyprogesterone and 17-betaestradiol on
molting and ovarian development in the tiger prawn, Pe-
naeus esculentus Hastwell, 1879 (Crustacea: Decapoda).
Comparative Biochemistry and Physiology Part-A 101,
295^299.
Levine D.M. & Sulkin S.D. (1984) Nutritional signi¢cance of
longchain polyunsaturated fatty acids to the zoeal devel-
opment of the brachyuran crab, Eurypanopeus depressus
(Smith). Journal of Experimental Marine Biology and Ecol-
ogy 81, 211^223.
Lim C., Ako H., Brown C.L. & Hahn K. (1997) Growth re-
sponse and fatty acid composition of juvenile Litopenaeus
vannamei fed di¡erent sources of dietary lipid.Aquaculture
151,143^153.
Marichamy R. & Rajapackiam S. (2001) The aquaculture of
Scylla species in India.Asian Fisheries Science14,231^238.
Maynard L.A. & Loosli J.K. (1969) Animal Nutrition. McGraw-
Hill, NewYork, NY, USA,613pp.
Merican Z.O. & Shim K.F. (1996) Qualitative requirements of
essential fatty acids for juvenile Penaeus monodon. Aqua-
culture147, 275^291.
Naylor R.L., Goldburg R.J., Primavera J., Kautsky N., Bever-
idge M.C.M., Clay J., Folke C., Lubchenco J., Mooney H. &
Troell M. (2000) E¡ects of aquaculture onworld food sup-
plies. Nature 405,1017^1024.
New M.B. & Wijkstrom U.N. (2002) Use of Fishmeal
and Fish Oil in Aquafeeds: FurtherThoughts on the Fishmeal
Trap. FAO Fisheries Circular, No. 975. FAO, Rome, Italy,
61pp.
Obaldo L.G., Divakaran S. & Tacon A.G (2002) Method for
determining the physical stability of shrimp feeds in
water. Aquaculture Research 33,369^377.
Peres M.H. & Oliva-Teles A. (1999) E¡ect of dietary lipid level
on growth performance and feed utilization by European
sea bass juveniles (Dicentrarchus labrax). Aquaculture179,
325^334.
Ponat A. & Adelung D. (1980) Studies to establish an optimal
diet for Carcinus maenas: II. Protein and lipid require-
ments.Marine Biology 60,115^122.
Ponat A. & Adelung D. (1983) Studies to establish an optimal
diet for Carcinusmaenas: III.Vitaminand quantitative lipid
requirements.Marine Biology 74, 275^279.
Reilly J.S. (2001) Euthanasia of Animals Used for Scienti¢c Pur-
poses. Australian & New Zealand Council for the Care of
Animals in Research & Teaching (ANZCCART), Adelaide
University, Adelaide, SA, Australia,136pp.
Robaina L., Izquierdo M.S., Moyana F.J., Socorro J.,Vergara
J.M. & Montero D. (1998) Increase of the dietary n-3/n-6
fatty acid ratio and addition of phosphorus improves liver
histological alternations induced by feeding diets con-
taining soybean meal and gilthead seabream, Sparus aur-
ata. Aquaculture161, 281^293.
Robin J.H., Regost C., Arzel J. & Kaushik S.J. (2003) Fatty acid
pro¢le of ¢sh following a change in dietary fatty acid
source: model of fattyacid compositionwith a dilution hy-
pothesis. Aquaculture 225, 283^293.
RowleyA.F., Knight J., Lloyd-Evans P., Holland J.W. & Vickers
P.J. (1995) Eicosanoids and their role in immune modula-
tion in ¢sh ^ a brief overview. Fish and Shell¢sh Immunol-
ogy 5,549^567.
Sandifer P.A. & JosephJ.D. (1976) Growth responses and fatty
acid composition of juvenile prawns (Macrobrachium ro-
senbergii) fed a prepared ration augmented with shrimp
head oil. Aquaculture 8,129^138.
Sargent J.R., Bell J.G., McEvoy J., Tocher D.R. & Estevez A.
(1999) Recent developments in the essential fatty acid nu-
trition of ¢sh. Aquaculture177,191^199.
Sargent J.R.,Tocher D. & Bell J. (2002) The lipids. In: Fish Nu-
trition, 3rd edn. (ed. by J.E. Halver & R.W. Hardy), pp.182^
246. Academic Press, San Diego, CA, USA.
Sheen S.S. & D’Abramo L.R. (1991) Response of juvenile
freshwater prawn Macrobrachium rosenbergii to di¡erent
levels of a cod liver oil/corn oil mixture in a semi-puri¢ed
diet. Aquaculture 93,121^134.
E⁄cacy of dietary lipid supplements for S. serrata U Unnikrishnan et al. Aquaculture Research, 2010, 41, 1498–1513
r 2009 TheAuthors
1512 Aquaculture Researchr 2009 Blackwell Publishing Ltd, Aquaculture Research, 41, 1498^1513
Sheen S.S. & Wu S.W. (1999) The e¡ect of dietary lipid levels
on the growth response of juvenile mud crab, Scylla serra-
ta. Aquaculture175,143^153.
Sheen S.S. & Wu S.W. (2003) Essential fatty acid require-
ments of juvenile mud crab, Scylla serrata (Forskaal,1775)
(Decapoda, Scyllaridae). Crustaceana 75,1387^1401.
Snedecor G.W. & Cochran W.G. (1967) Statistical Methods.
Oxford Publishing Company, New Delhi, India,593pp.
Spyridakis P., Metailler R. & Gabaudan J. (1989) Studies on
nutrient digestibility in European sea bass (Dicenn-
trarchus labrax): 1. Methodological aspects concerning
faeces collection. Aquaculture 77,61^70.
Subramoniam T. (2000) Crustacean ecdysteroids in repro-
duction and embryogenesis. Comparative Biochemistry
and Physiology Part-C125,139^156.
Sui L.,Wille M., ChengY. & Sorgeloos P. (2007) The e¡ect of
dietary n-3 HUFA levels and DHA/EPA ratios on growth,
survival and osmotic stress tolerance of Chinese
mitten crab Eriocheir sinensis larvae. Aquaculture 273,
139^150.
Suprayudi M.A.,Takeuchi T. & Hamasaki K. (2004a) Essen-
tial fatty acids for larval mud crab, Scylla serrata: implica-
tions of lack of the ability to bioconvert C18 unsaturated
fatty acids to highly unsaturated fatty acids. Aquaculture
231, 403^416.
Suprayudi M.A.,Takeuchi T. & Hamasaki K. (2004b) E¡ects
of Artemia enriched with eicosapentaenoic and docosa-
hexaenoic acid on survival and occurrence of molting
failure in megalop larvae of the mud crab Scylla serrata.
Fisheries Science 70,650^658.
Tacon A.G.J. (2000) Aquatic feeds and nutrition: feed devel-
opment guidelines for closed indoor farming systems.The
Global AquacultureAdvocate 3,16^18.
Tacon A.G.J & Metian M. (2008) Global overview on the
use of ¢sh meal and ¢sh oil in industrially compounded
aquafeeds: trends and future prospects. Aquaculture 285,
146^158.
Tacon A.G.J., Hasan M.R. & Subasinghe R.P. (2006) Use of
Fishery Resources as Feed Inputs to Aquaculture Develop-
ment:Trends and Policy Implications, FAOFisheries Circular,
No.1018. FAO, Rome, Italy,99pp.
Takeuchi T., Satoh N., Sekiya S., Shimizu T. & Watanabe T.
(1999) The e¡ect of dietary EPA and DHA on the molting
rate of larval swimming crab, Portunus trituberculates.
Nippon Suisan Gakkaishi 65,998^1004.
Truong P., Anderson A., Mather P., Paterson B. & Richard-
son N. (2008) E¡ect of selected feed meals and starches
on diet digestibility in the mud crab, Scylla serrata. Aqua-
culture Research 39,1778^1786.
Tuan V., Anderson A., Luong-van J., Shelley C. & Allan G.
(2006) Apparent digestibility of some nutrient sources by
juvenile mud crab, Scylla serrata (Forskal 1775). Aquacul-
ture Research 37,359^365.
Turchini G.M.,Torstensen B.E & NgW.K. (2009) Fish oil re-
placement in ¢n¢sh nutrition. Reviews in Aquaculture 1,
10^57.
Unnikrishnan U. & Paulraj R. (2009) Dietary protein re-
quirement of giant mud crab, Scylla serrata juveniles fed
iso-energetic formulated diets having graded protein le-
vels. Aquaculture Research (in press), doi:10.1111/j.1365-
2109.2009.02330.x.
Vasagam K.K.P., Ramesh S. & Balasubramanian T. (2005)
Dietary value of di¡erent vegetable oil in black tiger
shrimp Penaeus monodon in the presence and absence of
soy lecithin supplementation: e¡ect on growth, nutrient
digestibility and body composition. Aquaculture 250,
317^327.
Vivas M., Sanchez-Vazquez F.J., Garcia B.G. & Madrid J.A.
(2003) Macronutrient self-selection in European sea bass
in response to dietary protein or fat restriction. Aquacul-
ture Research 34, 271^280.
Vivas M., Rubio V.C., Sanchez-Vazquez F.J., Mena C., Garcia
B.G. & Madrid J.A. (2006) Dietary self-selection in
sharpsnout seabream (Diplodus puntazzo) fed paired
macronutrient feeds and challenged with protein dilu-
tion. Aquaculture 251, 430^437.
Worm B., Barbier E.B., Beaumont N., Du¡y J.E., Folke C., Hal-
pern B.S., Jackson J.B.C., Lotze H.K., Micheli F., Palumbi
S.R., Sala E., Selkoe K.A., Stachowicz J.J & Watson R.
(2006) Impacts of biodiversity loss on ocean ecosystem
services. Science 3,787^790.
Xu X., JiW., Castell J.D. & O’Dor R. (1993) The nutritional va-
lue of dietary n-3 and n-6 fatty acids for Chinese prawn
(Penaeus chinensis). Aquaculture118, 277^285.
Xu X.L., JiW.J., Castell J.D. & O’Dor R.K. (1994) Essential fatty
acid requirement of the Chinese prawn, Penaeus chinensis.
Aquaculture127, 29^40.
Yu T.C. & Sinnhuber R.O. (1975) E¡ect of dietary linolenic
and linoleic acids upon growth and lipid metabolism of
Rainbow trout (Salmo gairdneri). Lipids10,63^66.
Zeng C., Li S.J. & Zeng H. (2004) Occurrence of additional
Zoea-VI larvae in the mud crab, Scylla paramamosain (Es-
tampador), reared in the laboratory. Hydrobiologia 529,
49^58.
Zhou Q.C., Li C.C., Liu C.W., Chi S.Y. & Yang Q.H. (2007) Ef-
fects of dietary lipid sources on growth and fatty acid
composition of juvenile shrimp, Litopenaeus vannamei.
Aquaculture Nutrition13, 222^229.
Aquaculture Research, 2010, 41, 1498^1513 E⁄cacy of dietary lipid supplements for S. serrata U Unnikrishnan et al.
r 2009 TheAuthors
Aquaculture Researchr 2009 Blackwell Publishing Ltd, Aquaculture Research, 41, 1498^1513 1513
